Background
==========

Chemokines are a superfamily of small (8--10 kDa) proteins, which coordinate cellular responses to inflammation, insult or injury \[[@B1]-[@B4]\]. They also play a pivotal role in the regulation of leukocyte trafficking and extravasation through the luminal surface of endothelial cells into sites of tissue inflammation. The chemokine superfamily includes at least 20 receptors and more than 50 ligands \[[@B1]-[@B5]\]. The chemokine ligands can be separated into two major categories depending on whether they express a CC or CXC amino acid motif in their N-termini. This dichotomy appears to be functionally important since many CC chemokines preferentially target monocytes and T cells, while CXC chemokines such as IL-8 (CXCL8) tend to attract neutrophils. The CC chemokines bind to a family of G-protein coupled serpentine (seven transmembrane spanning) receptors, which are termed CC chemokine receptors (CCRs; \[[@B1],[@B3],[@B6]\]). Currently ten of the CC receptors have been identified and monocytes predominantly express three of them: CCR1, CCR2 and CCR5 \[[@B2],[@B7],[@B8]\]. These receptors can bind and signal to different CC chemokines including MCP-1 (CCL2), MIP-1α (CCL3) and RANTES (CCL3) \[[@B3],[@B4],[@B9]\] and these same chemokines are secreted by endothelial cells when activated by LDL or inflammatory cytokines \[[@B10]-[@B13]\] or when the endothelium is damaged \[[@B14],[@B15]\].

Indeed, the recruitment of peripheral blood monocytes to the site of injured endothelium by pro-inflammatory chemokines is a key regulatory component in the formation of an atherosclerotic lesion \[[@B16],[@B17]\]. The monocytes subsequently adhere to the endothelium and eventually migrate into the sub-intima \[[@B18],[@B19]\]. Here, they receive a series of differentiation signals including macrophage-colony stimulating factor (M-CSF) and minimally oxidized LDL that enables them to mature into macrophages. These macrophages then engulf large quantities of cholesterol to become lipid-laden foam cells. And it is the accumulation of these foam cells that eventually leads to the formation of characteristic fatty streaks, intermediate lesions and fibrous plaques \[[@B20],[@B21]\].

To date, though, the actual role of chemokines and their receptors in atherosclerosis has not been clearly established. However, recent studies using transgenic mouse models of atherosclerosis have provided convincing evidence that CCR2 is required for disease progression in apolipoprotein E-null mice \[[@B22],[@B23]\]. In these animals, disruption of the CCR2 gene greatly decreases lesion formation without affecting plasma lipid or lipoprotein concentrations. Using a slightly different approach Rollins and colleagues have demonstrated that CCL2, the ligand for CCR2, plays an equally important role in the development of atherosclerosis in low-density lipoprotein receptor deficient mice \[[@B24],[@B25]\]. Here, deletion of CCL2 leads to a significant reduction in lipid deposition within the aorta.

Despite the promising experimental results from these systems, relatively little is known about how the expression of chemokine receptor genes is regulated in normal or diseased human tissues. A recent paper by Yamamoto and colleagues \[[@B26]\] examined the basal regulatory mechanisms underlying expression of the CCR2 gene in the human monocyte cell line, THP-1. Indeed, this group characterized two key elements that seemed to be necessary and sufficient for the basal regulation of CCR2 expression: an Oct-1 binding sequence located 36 bp upstream of the TATA box and a tandem CAAT/enhancer-binding protein (C/EBP) binding sequence located, unusually, in the 5\' UTR (at +50 to +77 bp). However, studies have not directly examined the molecular mechanisms by which basal expression of CCR2 is rapidly downregulated during the differentiation of monocytes into macrophages.

In an effort to address this issue, we have further developed a model of monocyte differentiation using THP-1 cells, which can be induced to mature into macrophages using either phorbol esters and ionomycin or a physiological combination of interferon-γ (IFN-γ) and M-CSF. In common with other studies, we report here that THP-1 cell maturation mediated by either high concentrations of PMA (50 nM) alone, or very low concentrations of PMA (1 nM) plus ionomycin (1 μM) is characterized by an increase in size, the development of an adherent phenotype and the up-regulation of a panel of differentiation markers \[[@B27]-[@B30]\]; in addition, CCR2, but not CCR1, was specifically down-regulated during differentiation. Modulation of CCR2 by PMA (50 nM), but not PMA (1 nM) plus ionomycin (1 μM), was found to be sensitive to inhibition by the broad-spectrum protein kinase inhibitor staurosporine. Furthermore, transient transfection of THP-1 cells with a CCR2-specific reporter construct indicated that PMA (50 nM) and PMA (1 nM) plus ionomycin (1 μM) mediated the downregulation of CCR2 through inhibition of CCR2-specific gene transcription. Moreover, physiological treatment of THP-1 monocytes with two known differentiation factors, IFN-γ and M-CSF, also promoted a differentiation phenotype essentially identical to that observed using pharmacologic stimuli. These data indicate that the activation of several intracellular signaling pathways selectively regulate the expression of CCR2 during monocyte maturation into macrophages.

Materials and methods
=====================

Cell lines
----------

The THP-1 human monocytic cell line (ATCC) was grown in RPMI 1640 medium (GibcoBRL) containing 10 % fetal calf serum (FCS; GibcoBRL), 100 U/ml penicillin and 100 μg/ml streptomycin (GibcoBRL). The cells were maintained in culture at 37°C and 5% C0~2~. Typically, cells (7 × 10^6^per point) were stimulated with 50 nM phorbol myristate acetate (PMA; Sigma) or 1 nM PMA plus 1 μM ionomycin (Calbiochem) in the presence or absence of the PKC inhibitor staurosporine (Calbiochem).

Isolation and culture of human peripheral blood monocytes
---------------------------------------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated from freshly prepared leukopacks (buffy coats) that were between 2--4 hours old. Briefly, 20 ml of blood from leukopacks were diluted using PBS (1:1) and layered over 15 ml of Ficoll-Paque PLUS (Amersham Pharmacia Biotech). Cells were then centrifuged at 400 × g for 20 minutes at room temperature. After this time, PBMCs were collected from the interphase and washed (× 2) with PBS and centrifuged at 150 × g for 10 minutes. Monocytes were further isolated from PBMCs using Percoll (Amersham Pharmacia Biotech) gradient centrifugation as previously described \[[@B31]\]. Lipid staining of the monocytes revealed that their purity was greater than 90%. Finally, the cells were resuspended and cultured at 10^6^/ml in RPMI 1640 supplemented with 10% autologous serum, penicillin and streptomycin (GibcoBRL).

Cloning the CCR2 promoter
-------------------------

A 1335 bp fragment of the promoter from the *hCCR2*gene was cloned into the pGL3 vector (Promega) using sequences determined by Yamamoto and colleagues \[[@B26]\]. This construct, termed pGL3-1335, contained the tandem C/EBP sites plus 1220 bp of the promoter sequence 5\' of the transcriptional start site. The 5\' primer contained a restriction site for *kpnI*, while the 3\' primer contained a *HindIII*site. Each primer started with a 2 bp GC-rich clamp. The full primer sequences used are as follows:

pGL3-1335 5\' CGGGTACCGCTGCTTTAGGTCCATTTACCCTC

pGL3-1335 3\' GCAAGCTTATTGTACATTGGGTTGAGGTCTCC.

The genomic PCR was performed using an annealing temperature of 55°C (30 seconds) and an extension temperature of 72°C (2 minutes); 30 cycles of PCR were performed.

RNA isolation and RT-PCR
------------------------

Total RNA was isolated using TRIzol (Life Technologies) and by following the manufacturer\'s instructions. Briefly, cells were lyzed in TRIzol and then mixed with chloroform. The lysate was then centrifuged to separate RNA, DNA and protein. Total RNA, which is contained in the upper aqueous phase was recovered and mixed with isopropanol to precipitate the RNA. The RNA was finally washed in 75% ethanol to remove impurities and dissolved in water.

5 μg of RNA prepared in this way was then taken and DNase treated to remove further enzymatic contamination, before being reverse transcribed to cDNA using a ProSTAR First Strand RT-PCR kit from Stratagene and by following the manufacturer\'s instructions.

Subsequently, RT-PCR was performed under standard conditions using primers specific for CCR1, CCR2 and GAPDH. The primer sequences used here were:

CCR1 sense 5\'GAAACTCCAAACACCACAGAGGAC

CCR1 antisense 5\'TTCGTGAGGAAAGTGAAGGCTG

CCR2 sense 5\'CCACATCTCGTTCTCGGTTTATCAG

CCR2 antisense 5\'CGTGGAAAATAAGGGCCACAG

CCR3 sense 5\'CACTAGATACAGTTGAGACCTTTGG

CCR3 antisense 5\'GGTAAAGAGCACTGCAAAGAGTC

CCR4 sense 5\'ACCCCACGGATATAGCAGATACC

CCR4 antisense 5\'CGTCGTGGAGTTGAGAGAGTACTTG

CCR5 sense 5\'GGAGCCCTGCCAAAAAATC

CCR5 antisense 5\'CTGTATGGAAAATGAGAGCTGC

CCR6 sense 5\'TGGCAAGGGGTATAATTTGGG

CCR6 antisense 5\'GACAGTCTGGTACTTGGGTTCACAG

CCR7 sense 5\'AGACAGGGGTAGTGCGAGGC

CCR7 antisense 5\'GGATGGAGAGCACTGTGGCTAG

CCR8 sense 5\'ACCTCAGTGTGACAACAGTGACCG

CCR8 antisense 5\'ACCATCTTCAGAGGCCACTTGG

CCR9 sense 5\'CACTGAGGATGCCGATTCTGAG

CCR9 antisense 5\'CGAAATCTGCGTGGCAGTTC

CXCR1 sense 5\'CAGATCCACAGATGTGGGA

CXCR1 antisense 5\'GTTTGGATGGTAAGCCTGG

CXCR2 sense 5\'AACATGGAGAGTGACAGC

CXCR2 antisense 5\'GATGAGTAGACGGTCCTTC

CXCR3 sense 5\'TCCTTGAGGTGAGTGACCA

CXCR3 antisense 5\'GTATTGGCAGTGGGTGGCG

CXCR4 sense 5\'AGTATATACACTTCAGATAAC

CXCR4 antisense 5\'CCACCTTTTCAGCCAACAG

CXCR5 sense 5\'CTGGACAGATTGGACAACTA

CXCR5 antisense 5\'CATCACAACAACTCCCTGA

GAPDH sense 5\'TCCATGACAACTTTGGTATCG

GAPDH antisense 5\'GTCGCTGTTGAAGTCAGAGGA

The annealing temperature used for RT-PCR was 55°C for 30 seconds and the extension temperature was 72°C for 1 minute; typically 30 cycles of PCR were performed. Under these conditions the product sizes for CCR1, CCR2 and GAPDH were 567 bp, 580 bp and 420 bp respectively.

Antibody staining and FACS analysis
-----------------------------------

THP-1 cells or PBMCs were resuspended in ice-cold staining buffer (PBS + 2% FCS + 0.1% sodium azide) and incubated with Fc block (Miltenyi Biotec) for 5 minutes at 4°C. Subsequently, primary antibodies were added (anti-CCR1, CCR2, CCR5, CCR7, CXCR2 and CXCR4; R&D Systems) at a final concentration of 0.5 μg/μl. The cells were then incubated at 4°C for 25 minutes, after which time they were washed twice in staining buffer. The secondary antibody used for these experiments was Alexa 488 (Molecular Probes) at a final concentration of 1 μg/μl. This time the cells were incubated at 4°C for 25 minutes in the dark. Following incubation with the secondary antibody, the cells were again washed twice, and then resuspended in 500 μl of staining buffer. Samples were finally analyzed on a FACScan flow cytometer (Becton Dickinson) using Cellquest 3.2.1f1 software. Peripheral blood monocytes, monocyte-derived macrophages and THP-1 cells were also stained for CD36, CD11b and CD68 (all purchased from BD Biosciences).

Transient transfection using DEAE/Dextran
-----------------------------------------

THP-1 cells, grown to a density of 5--8 × 10^5^/ml, were resuspended in Tris-buffered saline (TBS; 25 mM Tris.Cl, pH7.4, 137 mM NaCl, 5 mM KCl, 0.6 mM Na~2~HPO4, 0.7 mM CaCl~2~and 0.5 mM MgCl~2~). THP-1 cells (7 × 10^6^per point) were then added to 1 ml of TBS containing 5 μg of the CCR2 promoter-luciferase construct, 2 μg of the renilla control construct (pRL-SV40; Promega) and 500 μg/ml DEAE/Dextran (final concentration). This mixture was then left at room temperature for one hour. Next, DMSO was added to the cells drop-wise to a final concentration of 10% and incubated for 2 minutes at room temperature. Subsequently, the cells were washed twice in TBS, once in RPMI 1640 medium lacking FCS and antibiotics and once in RPMI 1640 complete medium. The cells were then resuspended in RPMI 1640 complete medium, stimulated with PMA and ionomycin (at the concentrations indicated) and finally incubated at 37°C and 5% CO~2~for 48 hours.

After the 48-hour incubation period, cell extracts were made using the luciferase reporter lysis buffer (Promega). Each lysate was subsequently assayed in the dual luciferase reporter assay (Promega) following the manufacturer\'s instructions. Luciferase activity was determined using a Monolight series 2010 luminometer (Analytical Luminescence Laboratory) and then normalized to the renilla control.

Results
=======

Freshly isolated monocytes selectively downregulate CCR2, but not CCR1, in culture
----------------------------------------------------------------------------------

Human monocytes were isolated from blood leukopacks and placed in culture for up to 5 days (Figure [1](#F1){ref-type="fig"}). During this time these cells underwent changes in both morphology and gene expression. Freshly isolated monocytes initially appeared small and round, but after 5 days in culture they became adherent, and increased in both size and granularity (Figure [1A](#F1){ref-type="fig"}). Next, we analyzed changes in the expression of the macrophage differentiation markers CD11b, CD36 and CD68 (Figure [1B](#F1){ref-type="fig"}). We found that monocytes cultured for 5 days upregulated expression of the integrin CD11b and the scavenger receptors CD36 and CD68, consistent with a change in phenotype from monocyte to macrophage (Figure [1B](#F1){ref-type="fig"}). Next, we wanted to examine changes in the expression of chemokine receptors as monocytes differentiated into macrophages. Using primers specific for CXCR1-5 and CCR1-CCR9, we performed semi-quantitative analysis of receptor mRNA expression (Figure [1C](#F1){ref-type="fig"}). Initially, however, we determined the efficacy and specificity of the primers by analyzing genomic DNA samples prepared from freshly isolated monocytes (Figure [1C](#F1){ref-type="fig"}, panel I). In all cases a single band of the anticipated size was observed indicating that the primers were specific for the desired chemokine receptor. This data further suggested that a lack of chemokine receptor expression observed in freshly isolated monocytes and monocytes cultured for up to five days was a true result, rather than as a reflection of inappropriate primer design. Subsequently, we performed semi-quantitative analysis of receptor mRNA expression on freshly isolated monocytes and monocytes cultured for up to five days (Figure [1C](#F1){ref-type="fig"}, panel II). Under these conditions, freshly isolated monocytes showed strong expression of CCR1, CCR2, CCR5, CXCR2 and CXCR4 mRNAs, and trace levels of CCR4 and CCR7 mRNA. Expression of CCR1, CCR2, CCR5, and CXCR4 mRNAs remained elevated after two days in culture, while that of CXCR2 decreased and that of CCR7 temporarily increased. However, after five days in culture CCR2 mRNA expression but not that of CCR1, CCR5 or CXCR4 was dramatically downregulated (Figure [1C](#F1){ref-type="fig"}, panel II). Indeed, levels of CCR5 and CCR1 mRNA actually increased over those observed in freshly isolated monocytes. To confirm the specificity of this effect we subsequently compared cell surface expression of these chemokine receptors in cultured monocytes and freshly isolated monocytes by flow cytometry (Figure [1D](#F1){ref-type="fig"}). In agreement with our mRNA data, expression of CCR2 protein, but not CCR1, CCR5 and CXCR4 was rapidly downregulated during monocyte maturation. Negligible cell surface expression of CCR7 protein was observed at any of the time points examined, while CXCR2 cell surface expression remained curiously elevated despite downregulation of CXCR2 mRNA, suggesting that the half-life of this protein is actually quite long (Figure [1D](#F1){ref-type="fig"}).

![**Macrophage-derived monocytes selectively downregulate CCR2, but not CCR1, during differentiation**. (a). Changes in morphology between freshly isolated monocytes (left panel) and cells cultured for 5 days (right panel) were determined using a Nikon Diaphot Camera set up and Axon Imaging Workbench software. Magnification is at 60 ×. (b). Freshly isolated monocytes were either cultured for 5 days (broken line) or immediately stained (solid line) for a panel of macrophage markers: CD36 (left panel), CD11b (middle panel) or CD68 (right panel). Dotted histograms represent the isotype controls. (c). Panel I. Genomic DNA was prepared from freshly isolated monocytes and assayed for germ line expression of chemokine receptors CCR1-CCR9 and CXCR1-CXCR5 by PCR using primers designed in-house. Note each primer pair amplified a single product only, thus confirming that the primers are functional and specific. Panel II. Messenger RNA was prepared from freshly isolated monocytes (upper panel) and cells that had been cultured for either 2 days (middle panel) or 5 days (lower panel). Subsequently, RT-PCR was performed using primers for chemokine receptors CCR1-CCR9, CXCR1-CXCR5 and GAPDH. Marker is a 100 bp DNA ladder. Similar results were obtained in three other experiments. (d). Freshly isolated monocytes (upper panel plots 1, 4, 7, 10, 13 and 16) and cells that had been cultured for either 2 days (middle panel plots 2, 5, 8, 11, 14 and 17) or 5 days (lower panel plots 3, 6, 9, 12, 15 and 18) were stained for CCR1, CCR2, CCR5, CCR7, CXCR2 and CXCR4. Cells were then analyzed for changes in chemokine receptor expression by flow cytometry. Similar results were obtained in three other experiments.](1476-9255-2-14-1){#F1}

These results indicate that one consequence of monocyte maturation is the selective downregulation of CCR2 gene expression followed by a loss of CCR2 protein from the surface of the cell. While the actual physiological role of this process is unknown, it is likely that CCR2 down-regulation may be involved in restricting \'reverse-migration\' of differentiated monocytes back into the blood stream, and thus facilitating capture within the tissues.

PMA-treatment of monocytes induces selective downregulation of CCR2
-------------------------------------------------------------------

Based on the above results we decided to further examine the regulation of CCR2 expression in monocyte maturation using the human monocyte cell line, THP-1 and CCR1 as a control. Treatment of these cells with the PKC-activating phorbol ester PMA for 48 hours is a widely accepted procedure for maturing monocytes \[[@B27],[@B28]\]. Cells treated in this way undergo phenotypic changes consistent with their maturation into macrophages \[[@B27]-[@B30]\] (also compare Figures [1](#F1){ref-type="fig"} and [6](#F6){ref-type="fig"}).

![**IFN-γ plus M-CSF promotes a similar differentiation phenotype to that observed using pharmacologic stimuli**. (a). THP-1 cells were either left untreated (upper panel) or treated with 500 U/ml IFN-γ plus 5 ng/ml M-CSF (middle panel) or 50 nM PMA (lower panel) for 48 hours. Subsequently, the cells were photographed using a Nikon Diaphot Camera set up and Axon Imaging Workbench software. Magnification is at 40 ×. (b). THP-1 cells were either left untreated or treated for 48 hours with either 50 nM PMA (PMA) or 500 U/ml IFN-γ plus 5 ng/ml M-CSF (I+M) as indicated. Subsequently, these cells were stained with antibodies to macrophage markers CD36 (upper panel), CD11b (middle panel) and CD68 (lower panel) and then analyzed by flow cytometry.](1476-9255-2-14-6){#F6}

Next, we wanted to determine how treatment of the monocyte cell line, THP-1, with PMA affected the expression of CCR2 in these cells. Thus, monocytes were stimulated with PMA (at the concentrations indicated) for 48 hours and RNA prepared as described above. Our results (Figure [2A](#F2){ref-type="fig"}) show that CCR2 was selectively down-regulated in a dose dependent manner, whereas expression of CCR1 (the other main CC receptor on monocytes) and the house-keeping gene GAPDH remained unaffected. PMA (50 nM) was sufficient to completely abrogate CCR2 expression (Figure [2A](#F2){ref-type="fig"}, lane 8), whilst 10 nM PMA reduced expression of this chemokine receptor by approximately 75% (Figure [2A](#F2){ref-type="fig"}, lane 7). Treatment of THP-1 cells with 1 nM PMA did not affect expression of CCR2 (Figure [2A](#F2){ref-type="fig"}, lane 6).

![**PMA induces a dose-dependent selective downregulation of CCR2**. (a). THP-1 cells were either untreated (lanes 1, 5 and 9) or treated with PMA at 1 nM (lanes 2, 6 and 10), 10 nM (lanes 3, 7 and 11) or 50 nM (lanes 4, 8 and 12) for 48 hours. Messenger RNA was then prepared and RT-PCR performed using primers for CCR1 (lanes 1--4), CCR2 (lanes 5--8) and GAPDH (lanes 9--12). M is a 100 bp DNA ladder. Similar results were obtained in seven other experiments. (b). THP-1 cells were either left untreated or stimulated with PMA (50 nM) for the times indicated. Subsequently the cells were introduced into a FACScan flow cytometer to measure cell surface expression of CCR1 (left panel) or CCR2 (right panel).](1476-9255-2-14-2){#F2}

Subsequently, we examined whether PMA modulated the cell surface expression of CCR1 and CCR2 by FACS analysis. THP-1 cells were again stimulated with PMA (50 nM) for the times indicated, before being stained with the appropriate antibodies and then analyzed by flow cytometry (Figure [2B](#F2){ref-type="fig"}). Whereas the levels of CCR1 remained high throughout the duration of the experiment, CCR2 protein expression decreased dramatically. The majority of the expression was lost by 24 hours and by 48 hours virtually no CCR2 was found on the surface of the cultured THP-1 cells (compare Figure [2B](#F2){ref-type="fig"}, left and right panels). Thus, THP-1 cells treated with PMA (50 nM) mimics the differentiation process observed in cultured monocytes.

Two distinct signal transduction pathways regulate CCR2 expression during monocyte maturation
---------------------------------------------------------------------------------------------

Our initial observations suggested that while PMA (50 nM) completely abrogated CCR2 expression, sub-optimal concentrations of this phorbol ester (1 nM) had no effect (Figure [2A](#F2){ref-type="fig"}). We wondered, therefore, whether the addition of a calcium signal (such as ionomycin) together with the sub-optimal concentration of PMA might provide a sufficiently strong stimulus to affect the expression of CCR2. Thus, we incubated monocytes with PMA (1 nM) and ionomycin at the concentrations indicated for 48 hours, and then analyzed CCR2 expression. Our data indicated that ionomycin alone does not affect expression of CCR2 (Figure [3A](#F3){ref-type="fig"}, middle panel, lanes 4--6). However, in the presence of a sub-optimal PMA signal (1 nM), there was a selective dose-dependent reduction in CCR2 expression (Figure [3A](#F3){ref-type="fig"}, middle panel, lanes 7--9). At the same time, similar concentrations of PMA and ionomycin did not affect the levels of CCR1 nor GAPDH (Figure [3A](#F3){ref-type="fig"} upper and lower panels). Monocytes treated with PMA (1 nM) plus ionomycin (1 μM) were also observed to adopt an adherent phenotype and to increase in size similar to the changes in morphology observed in freshly isolated monocytes (data not shown). Furthermore, cell surface expression of CCR2, but not CCR1, was found to be downregulated in the presence of PMA (1 nM) plus ionomycin (1 μM) after 48 hours (Figure [3B](#F3){ref-type="fig"}). Thus, sub-optimal concentrations of PMA together with a modest calcium signal combine to mediate a maturation phenotype in monocytes that also includes the selective downregulation of CCR2.

![**Sub-optimal concentrations of PMA, together with a modest calcium signal, also modulate CCR2**. (a). THP-1 cells were either unstimulated (lane1) or treated with PMA 1 nM (lane 2) or 50 nM (lane 3) for 48 hours. Alternatively, the cells were treated with increasing concentrations of the calcium ionophore ionomycin alone (lanes 4--6) or in combination with PMA 1 nM (lanes 7--9) also for 48 hours. Messenger RNA was then prepared and RT-PCR performed using primers for CCR1 (upper panel), CCR2 (middle panel) and GAPDH (lower panel). M represents markers, which are a 100 bp ladder. Similar results were obtained in four other experiments. (b). THP-1 cells were either left untreated or stimulated with PMA (1 nM) and ionomycin (1 μM) for the times indicated. Subsequently the cells were stained for expression of CCR1 (left panel) or CCR2 (right panel) and analyzed by flow cytometry.](1476-9255-2-14-3){#F3}

To determine whether the selective downregulation of CCR2 observed in PMA versus PMA plus ionomycin treated cells represented the same or two different signaling pathways, we performed an experiment using the broad-spectrum kinase inhibitor, staurosporine (Figure [4](#F4){ref-type="fig"}). We preincubated THP-1 cells with staurosporine at the concentrations indicated for two hours, and then stimulated with either PMA (50 nM; Figure [4A](#F4){ref-type="fig"}) or PMA (1 nM) plus ionomycin (1 μM; Figure [4B](#F4){ref-type="fig"}) for 48 hours. Staurosporine alone (at concentrations up to 200 nM) did not significantly inhibit expression of CCR2 (Figure [4A](#F4){ref-type="fig"}, lanes 9 and 10 and Figure [4B](#F4){ref-type="fig"}, lane 6) nor CCR1 (Figure [4A](#F4){ref-type="fig"}, lanes 3 and 4 and Figure [4B](#F4){ref-type="fig"}, lane 2). Furthermore, the inhibitor did not abrogate the downregulation of CCR2 mediated by PMA plus ionomycin (Figure [4B](#F4){ref-type="fig"}, compare lanes 7 and 8). In contrast, staurosporine at 50 nM, but not at 10 nM, blocked the loss of CCR2 in PMA (50 nM) treated cells (Figure [4A](#F4){ref-type="fig"}, compare lanes 7, 8, 11 and 12).

![**The PKC-inhibitor staurosporine blocks PMA, but not PMA plus ionomycin, induced downregulation of CCR2**. (a). THP-1 cells were either untreated (lanes 1, 2, 7, 8, 13 and 14) or preincubated with 50 nM staurosporine (lanes 3, 5, 9, 11, 15 and 17) or 10 nM staurosporine (lanes 4, 6, 10, 12, 16 and 18) for 2 hours. Subsequently, the cells were stimulated with 50 nM PMA (lanes 2, 5, 6, 8, 11, 12, 14, 17 and 18) for a further 46 hours. Messenger RNA was then prepared and RT-PCR performed using primers for CCR1 (lanes 1--6), CCR2 (lanes 7--12) and GAPDH (lanes 13--18). M is a 100 bp DNA ladder. Similar results were obtained in three other experiments. (b). THP-1 cells were either untreated (lanes 1, 3, 5, 7, 9 and 11) or preincubated with 200 nM staurosporine (lanes 2 and 4, 6 and 8 and 10 and 12) for 2 hours. Subsequently the cells were stimulated with a combination of 1 nM PMA and 1 μM ionomycin (lanes 3 and 4, 7 and 8 and 11 and 12) for a further 46 hours. Messenger RNA was then prepared and RT-PCR performed using primers for CCR1 (lanes 1--4), CCR2 (lanes 5--8) and GAPDH (lanes 9--12). M is a 100 bp DNA ladder. Similar results were obtained in three other experiments.](1476-9255-2-14-4){#F4}

Thus, these results identify at least two possible signal transduction pathways present in monocytes that could regulate the expression of CCR2 during monocyte differentiation.

CCR2 expression is regulated at the level of transcription
----------------------------------------------------------

Having established that CCR2 is down-regulated during monocyte differentiation, we next wanted to determine whether the regulation occurs at the level of RNA stability or at the level of transcription. We, therefore, cloned a 1335 bp fragment of the CCR2 promoter using the sequence described by Yamamoto and colleagues \[[@B26]\]. This fragment was then subcloned into the mammalian expression vector pGL3 upstream of the luciferase gene, generating the pGL3-1335 construct. In addition to the sequences upstream of the TATA box, pGL3-1335 included 115 bp of the 5\'UTR, which contains the two tandem C/EBP repeats that are thought to be necessary for the basal expression of the CCR2 gene \[[@B26]\].

Subsequently, we transfected this construct into the THP-1 cells using DEAE/dextran and either left the cells untreated, or treated them with PMA (50 nM), or PMA (1 nM) plus ionomycin (1 μM) for 48 hours in the presence or absence of staurosporine (100 nM). Cells were then lyzed and assayed for transcriptional activity. Our results showed that the pGL3-1335 construct, itself, gave a 13-fold induction over the background construct lacking the CCR2 promoter (Figure [5](#F5){ref-type="fig"}, compare lanes 1 and 2). Furthermore, both PMA and PMA plus ionomycin strongly abrogated this transcriptional activity (Figure [5](#F5){ref-type="fig"} lanes 3 and 4) suggesting that the dual signal transduction pathways activated by PMA and PMA plus ionomycin mediated regulation of CCR2 expression at the level of transcription. In the presence of staurosporine, inhibition of CCR2 promoter activity mediated by PMA, but not PMA (1 nM) plus ionomycin (1 μM), was abrogated (Figure [5](#F5){ref-type="fig"}, compare lanes 6 and 7). Thus, these data indicate that the PMA (but not the PMA plus ionomycin) mediated inhibition of CCR2 promoter activity is ultimately regulated by one or more staurosporine-sensitive transcription factors.

![**Staurosporine blocks PMA, but not PMA plus ionomycin, induced downregulation of CCR2 promoter activity**. THP-1 cells were transfected with either 5 μg of vector alone (pGL3-basic; lane 1) or with 5 μg of the pGL3-1335 construct (lanes 2--7). In addition, each sample was also co-transfected with 2 μg of pRL-SV40 (renilla) to act as an internal control. Cells were then either left untreated (lanes 1--4) or pretreated with staurosporine (100 nM) for 2 hours (lanes 5--7). Next, the THP-1 cells were stimulated with a combination of PMA alone (lanes 3 and 6) or PMA plus ionomycin (lanes 4 and 7) for a further 46 hours. Subsequently, cell extracts were prepared and assayed for both luciferase and renilla activity. After normalization to the renilla control, the CCR2 transcriptional activity was determined relative to the pGL3-basic vector, which was arbitrarily assigned a value of 1. Similar results were obtained in two other experiments](1476-9255-2-14-5){#F5}

Treatment with IFN-γ and M-CSF produces a similar differentiation phenotype to that seen with PMA and ionomycin
---------------------------------------------------------------------------------------------------------------

The above results reflect a phenotype induced by pharmacologic agents and we next wanted to ensure that this phenotype is applicable to physiologic agents also. To that end, THP-1 cells treated with IFN-γ plus M-CSF have already been shown to promote monocyte maturation, although it has yet to be confirmed that these agents regulate CCR2 expression at the level of transcription \[[@B32]\]. Initially, though, we wanted to demonstrate that monocytes treated with IFN-γ plus M-CSF showed changes in morphology similar to that observed with freshly isolated monocytes (compare Figures [1](#F1){ref-type="fig"} and [6](#F6){ref-type="fig"}). After 48 hours treatment with IFN-γ plus M-CSF, monocytes became adherent and increased in size similar to that observed for freshly isolated monocytes in culture (compare Figure [1A](#F1){ref-type="fig"} and Figure [6A](#F6){ref-type="fig"} middle panel). PMA-treated monocytes also underwent similar changes in morphology (Figure [6A](#F6){ref-type="fig"}, lower panel). Furthermore, flow cytometric studies revealed that monocytes treated with either IFN-γ plus M-CSF or PMA strongly upregulated the macrophage maturation markers CD11b, CD36 and CD68 (Figure [6B](#F6){ref-type="fig"}). Similar results were observed for cells treated with PMA plus ionomycin (data not shown). Thus, monocytes treated with a panel of physiologic and pharmacologic stimuli promote maturation to the macrophage phenotype as determined by changes in morphology and upregulation of macrophage maturation markers.

Next, we wanted to determine whether IFN-γ plus M-CSF induced the differentiation-associated downregulation of CCR2 (Figure [7](#F7){ref-type="fig"}). Therefore, monocytes were treated with IFN-γ (500 U/ml) plus M-CSF (5 ng/ml) for 48 hours and CCR2 mRNA was examined (Figure [7A](#F7){ref-type="fig"}). Our results showed that IFN-γ plus M-CSF did selectively downregulate CCR2, but not CCR1 in a manner analogous to that observed for PMA and PMA plus ionomycin (Figure [7A](#F7){ref-type="fig"} upper and middle panels). A similar pattern was also observed when transcriptional activity was examined (Figure [7B](#F7){ref-type="fig"}). Here, PMA completely down-modulated CCR2 transcription, while the combined effects of IFN-γ plus M-CSF reduced this activity by approximately 70%. In the presence of staurosporine, the inhibition of CCR2 promoter activity mediated by IFN-γ (500 U/ml) plus M-CSF (5 ng/ml) was abrogated in a manner analogous to that observed for PMA (Figure [7B](#F7){ref-type="fig"} lanes 6 and 7).

![**IFN-γ plus M-CSF promotes specific down-regulation of CCR2**. (a). THP-1 cells were either untreated (lane 1, upper, middle and lower panels) or treated with 500 U/ml IFN-γ plus 5 ng/ml M-CSF (lane 2 upper, middle and lower panels) or 50 nM PMA (lane 3 upper, middle and lower panels) for 48 hours. Messenger RNA was then prepared and RT-PCR performed using primers for CCR1 (upper panel), CCR2 (middle panel) and GAPDH (lower panel). M is a 100 bp DNA ladder. Similar results were obtained in three other experiments. (b). THP-1 cells were transfected with either 5 μg of vector alone (pGL3-basic) or with 5 μg of the pGL3-1335 construct. In addition, each sample was also transfected with 2 μg of pRL-SV40 (renilla) to act as an internal control. Cells were then either left untreated or treated with either 500 U/ml IFN-γ plus 5 ng/ml M-CSF or 50 nM PMA. Subsequently, cell extracts were prepared and assayed for both luciferase and renilla activity. After normalization to the renilla control, CCR2 transcriptional activity was calculated relative to the pGL3-basic vector, which was arbitrarily assigned a value of 1. Similar results were obtained in two other experiments.](1476-9255-2-14-7){#F7}

Taken together, these data suggest that PMA (50 nM), PMA plus ionomycin and IFN-γ plus M-CSF mediate similar changes in the monocyte phenotype during maturation of these cells. Thus, the monocyte cell line, THP-1, is a useful model system with which to investigate the underlying regulatory mechanisms governing chemokine receptor expression during monocyte differentiation.

Discussion
==========

In this paper we demonstrate that a major consequence of monocyte maturation into macrophages is the selective downregulation of the chemokine receptor, CCR2, but not the related CCR1. We have further shown that there are multiple stimuli, which can selectively down-modulate CCR2 expression, including high concentrations of PMA (50 nM), or low PMA (1 nM) plus ionomycin (1 μM), or IFN-γ (500 U/ml) plus M-CSF (5 ng/ml). Each of these stimuli regulate the expression of CCR2 at the level of transcription, although it appears that at least two different signal transduction pathways are involved based on the ability of staurosporine to interfere with these processes. Treatment of THP-1 monocytes with staurosporine abrogated the ability of PMA and IFN-γ plus M-CSF to downregulate CCR2. By contrast, staurosporine was unable to block PMA plus ionomycin mediated downregulation of CCR2 expression. Thus, this study provides evidence that there is dynamic and selective regulation of the CCR2 gene during monocyte differentiation.

Our results indicate that treatment of THP-1 cells with either PMA alone (50 nM) or PMA (1 nM) plus ionomycin (1 μM) promotes a differentiation phenotype that is characterized by morphological changes and altered CCR2 gene expression. Indeed, these observations have already been noted by other researchers studying monocyte differentiation \[[@B27],[@B28],[@B32]\]. In particular, we show that THP-1 cells rapidly become adherent and their morphology changes from the typical round shape of monocytes to spindle-shaped cells with pseudopodia, which are characteristic of macrophages. At the same time there was also an increase in the size and granularity of the cells. In addition, we demonstrated an up-regulation in expression of genes associated with monocyte differentiation, notably CD11b, CD36 and CD68. Concomitantly, the expression of CCR2, but not CCR1, was selectively downregulated, suggesting that the loss of this chemokine receptor is a consequence of monocyte differentiation. This downregulation was observed at the level of cell surface receptor expression, mRNA expression, and transcription. Clearly, these are specific regulatory events since the levels of CCR1 mRNA are not affected by either combination of pharmacologic agents.

However, when THP-1 cells were treated with PMA (50 nM) or PMA plus ionomycin in the presence of staurosporine, differential results were obtained: PMA-mediated modulation of CCR2 was sensitive to the inhibitory effects of staurosporine (50 nM), whereas staurosporine concentrations as high as 200 nM failed to block PMA plus ionomycin-induced downregulation of CCR2. Staurosporine alone did not promote the loss of either CCR2 or CCR1. These results indicate that staurosporine defines a dichotomy in the regulation of CCR2 expression by PMA (50 nM) versus PMA plus ionomycin that had not previously been appreciated.

Staurosporine, itself, is a broad-spectrum inhibitor of protein kinases including PKA, PKC, and PKG. PMA has classically been shown to act almost exclusively through PKC and this would explain why staurosporine was able to block the PMA-induced downregulation of CCR2. By inference, PMA plus ionomycin would appear to act through a signal transduction pathway that is not inhibited by staurosporine and presumably this means that second messengers other than PKA, PKC and PKG are involved. To that end, calcineurin, a calcium-sensitive phosphatase may be a target for PMA plus ionomycin \[[@B33]\]. An increase in the intracellular calcium concentration (such as that afforded by the presence of ionomycin) promotes a conformational change in calcineurin, which then dephosphorylates and activates the transcription factor NFAT facilitating its translocation to the nucleus. In addition, it has been shown that PMA enhances the calcium sensitivity of NFAT, thus creating a synergistic signal \[[@B33],[@B34]\]. This synergy may result from de novo synthesis and post-translational modification of another transcription factor termed activating protein-1, AP-1 \[[@B33],[@B34]\]. Indeed, NFAT proteins show a characteristic ability to co-operate with AP-1 in DNA-binding and transactivation \[[@B33],[@B34]\]. Interestingly, in the region of the CCR2 promoter that we cloned there are two putative binding sites for AP-1 (core binding motif TGA(C/G)TCA) and three putative binding sites for NFAT (core binding motif GGAAA) as determined by the MatInspecter transcription factor binding site analysis program. It has also been suggested that additional transcription factors including OCT1 and C/EBP can act synergistically with NFAT and again there are multiple binding sites for each of these DNA-binding proteins in the CCR2 promoter, although at this stage we have no evidence to suggest that they are involved in the physiological regulation of CCR2 gene expression.

A requirement for co-operation and cross-talk between these two pharmacologic agents is further supported by the fact that ionomycin alone (at concentrations as high as 1 μM) was unable to down-modulate CCR2.

Some reports have suggested that CCL2 could be involved in the early stages of CCR2 protein down-modulation, while other studies indicate that the differentiation process itself, is a major factor in the selective loss of CCR2 gene expression \[[@B8],[@B32]\]. Numerous cytokines are known to be involved in monocyte activation and differentiation, among them M-CSF and IFN-γ \[[@B32],[@B35],[@B36]\]. M-CSF is a lineage-specific hematopoetic growth factor that stimulates monocyte differentiation \[[@B35],[@B36]\]. The *c-fms*proto-oncogene encodes a high affinity receptor for M-CSF \[[@B37]\] and it has been shown that THP-1 cells express this protein and that it is up-regulated during differentiation. However, cells stimulated with M-CSF alone for 48 hours did not lose expression of CCR2 (data not shown).

Conversely, IFN-γ alone, which is constitutively expressed by monocyte lineage cells and which promotes maturation of monocytes to macrophages \[[@B38]\], did significantly reduce expression of CCR2, although the cells did not become adherent and neither did they change their morphology (data not shown). Interestingly, IFN-γ has been demonstrated to up-regulate levels of M-CSF in monocytes during maturation \[[@B38]\] and when both IFN-γ and M-CSF were added, THP-1 cells did become adherent, changed their morphology and selectively lost CCR2, but not CCR1 -- all of which are characteristics of the monocyte differentiation phenotype. These results are in keeping with the studies published by Tangirala and colleagues, who reported similar phenomena in THP-1 cells \[[@B32]\]. In addition, our studies also demonstrated that the regulatory effects mediated by IFN-γ plus M-CSF occurred at the level of transcription, where a significant down-regulation in CCR2 promoter activity was observed. Moreover, in the presence of staurosporine, IFN-γ plus M-CSF was unable to down-regulate levels of CCR2. This result probably reflects the fact that IFN-γ signals extensively through the JAK-STAT pathway, and studies have suggested that staurosporine can block phosphorylation of Janus kinases \[[@B39],[@B40]\]. In addition, we have found two putative binding sites in the CCR2 promoter for STAT transcription factors which would further support the contention that these transcription factors may be important in the regulation of IFN-γ mediated downregulation of CCR2.

Conclusion
==========

This study demonstrates that expression of the chemokine receptor CCR2 is exquisitely correlated with monocyte maturation. Freshly isolated monocytes express high levels of both CCR2 RNA and protein, whereas monocyte-derived macrophages express neither CCR2 RNA nor protein. Conversely, levels of the closely-related chemokine receptor CCR1 remained stable and elevated throughout monocyte maturation. An analysis of the biochemical and molecular mechanisms underlying the regulated expression of CCR2 revealed the existence of several signaling pathways that selectively down-modulate CCR2 gene expression during monocyte differentiation; this expression was largely regulated at the level of transcription. Signaling through PMA and IFN-γ plus M-CSF, but not PMA plus ionomycin was abrogated by prior treatment of the THP-1 cells with staurosporine. Although the physiological role of this process is not well understood, it is likely that CCR2 down-regulation may be involved in restricting the \'reverse-migration\' of differentiated monocytes back into the blood stream. This in turn facilitates the retention of differentiated monocytes within inflamed tissues. Thus, by improving our understanding of the regulatory mechanisms that govern CCR2 expression on monocyte lineage cells, we can better appreciate how monocyte recruitment and activation is controlled during chronic inflammatory pathologies such as atherosclerosis.
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